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1. INTRODUCTION {#cas14358-sec-0001}
===============

Asbestos, which are naturally occurring fibrous minerals, are classified as carcinogens on the basis of sufficient evidence in humans; thus, many countries have banned the use of all asbestos.[^1^](#cas14358-bib-0001){ref-type="ref"} The WHO estimates that more than 107 000 people die each year from asbestos‐related lung cancer, malignant mesothelioma (MM), and asbestosis from occupational exposure.[^2^](#cas14358-bib-0002){ref-type="ref"} Malignant mesothelioma arises from mesothelial cells, which line somatic cavities, such as the pleural cavity, peritoneal cavity, pericardial cavity, and tunica vaginalis, and is one of the most lethal neoplasms in humans.[^3^](#cas14358-bib-0003){ref-type="ref"}

The asbestos fiber is defined by its chemical components and length/diameter ratio; the length is more than 3 times greater than the diameter and longer than 5 μm.[^4^](#cas14358-bib-0004){ref-type="ref"} The crystal structure of asbestos grows in 2 or 3 dimensions and is cleaved into fragments or broken into fibrils. Amosite, chrysotile, and crocidolite are present in the asbestiform habit, whereas tremolite, actinolite, and anthophyllite are present in either the asbestiform or nonasbestiform habits.[^4^](#cas14358-bib-0004){ref-type="ref"} Tremolite is a relatively common contaminant in chrysotile and talc deposits because the constitutional elements of asbestos fibers are similar. Actinolite is a common contaminant in amosite and is known as an iron‐substituted derivative of tremolite. Anthophyllite is relatively rare and is occasionally found as a contaminant in talc deposits.[^4^](#cas14358-bib-0004){ref-type="ref"} Although some talc products are contaminated with these types of asbestos, the association between the mesothelioma and talc exposure remains controversial.[^5^](#cas14358-bib-0005){ref-type="ref"}, [^6^](#cas14358-bib-0006){ref-type="ref"}

Anthophyllite has been mined in small quantities around the world, most notably in Finland; hence, anthophyllite is the most common amphibole found in the lung of the Finnish population.[^7^](#cas14358-bib-0007){ref-type="ref"} The environmental exposure of anthophyllite induces focal pleural plaque with calcification, but not diffuse pleural thickening or MM, in Finland and Japan.[^8^](#cas14358-bib-0008){ref-type="ref"} Anthophyllite fibers are generally coarser and longer than those of the other amphiboles; thus, it is postulated that anthophyllite is a less potent carcinogen.[^9^](#cas14358-bib-0009){ref-type="ref"}, [^10^](#cas14358-bib-0010){ref-type="ref"}, [^11^](#cas14358-bib-0011){ref-type="ref"} In contrast, the higher biodurability of anthophyllite, which is as high as that of crocidolite, is speculated to exacerbate the higher carcinogenicity than chrysotile.[^12^](#cas14358-bib-0012){ref-type="ref"} Indeed, the workers at anthophyllite quarries[^11^](#cas14358-bib-0011){ref-type="ref"} and a Finnish teacher who did not have a history of occupational asbestos exposure[^7^](#cas14358-bib-0007){ref-type="ref"} developed MM, and their lungs were burdened with anthophyllite but not the other asbestos fibers. Although these human data have led to the assessment of carcinogenicity for anthophyllite, the estimation of the potential risk is difficult to determine from an epidemiological standpoint, as anthophyllite is sometimes found as a contaminant of other asbestos or talc deposits.[^9^](#cas14358-bib-0009){ref-type="ref"} However, the inhalation of tremolite, which is a contaminant in chrysotile, induced stronger pulmonary fibrosis than pure chrysotile, according to an epidemiological chest X‐ray study.[^13^](#cas14358-bib-0013){ref-type="ref"} Recently, a former worker in a quarry where hornblende gabbro, but not asbestos, was mined in Japan, developed lung cancer with a massive burden of tremolite fibers.[^14^](#cas14358-bib-0014){ref-type="ref"} Therefore, the risk of carcinogenicity of tremolite is of great concern.

Excellent durability of asbestos fibers causes continuous stimulation and initiates mesothelial injury and frustrated phagocytosis in the tissue surrounding the fibers.[^3^](#cas14358-bib-0003){ref-type="ref"}, [^15^](#cas14358-bib-0015){ref-type="ref"} The internalized asbestos fibers produce cytotoxic reactive oxygen species (ROS) and are presumed to cause chromosomal tangling during mitosis and to accelerate the cellular damage caused by the absorbed iron and carcinogens.[^3^](#cas14358-bib-0003){ref-type="ref"}, [^16^](#cas14358-bib-0016){ref-type="ref"} Here, anthophyllite from Afghanistan, whose proportion of talc is much lower than the UICC standard anthophyllite from Finland[^17^](#cas14358-bib-0017){ref-type="ref"} and tremolite from Japan were used to explore the asbestos‐induced mesothelial injury. In this study, we found that tremolite caused cellular damage in MeT5A mesothelial and RAW264.7 macrophage cells, and diffuse peritoneal thickening and MM in rats; however, the long anthophyllite fiber was not cytotoxic. Using array‐based comparative genomic hybridization (aCGH) techniques, we detected the frequent loss of *Cdkn2a/2b* in tremolite‐induced MM in rats.

2. MATERIALS AND METHODS {#cas14358-sec-0002}
========================

2.1. Reagents {#cas14358-sec-0003}
-------------

Cell counting reagent SF, based on water soluble tetrazolium salt‐8 (WST‐8), antibiotic‐antimycotic mixed stock solution (100×; stabilized), 0.5% trypan blue solution, RPMI‐1640, DMEM, and nitrilotriacetic acid disodium salt were obtained from Nacalai Tesque. Medium 199 and GlutaMAX were purchased from Invitrogen Life Technologies. Glass‐based dishes (35 mm) were obtained from AGC Techno Glass. Fetal bovine serum was obtained from BioWest. Cellmatrix (Type I‐C) collagen was obtained from Nitta Gelatin. CytoTox‐ONE homogeneous membrane integrity assay was obtained from Promega. Epidermal growth factor (EGF), hydrocortisone solution and lead stain solution were obtained from Sigma‐Aldrich. Insulin was obtained from Roche Diagnostics. Trace element B was obtained from Mediatech. Paraformaldehyde, DMP‐30, MNA, DDSA, and EPON812 resin were obtained from TAAB Laboratories Equipment. Osmium tetroxide, EM fine grid F‐200, and a Veco grid (Au 300 mesh) were obtained from NISSHIN EM. Glutaraldehyde aqueous solution (practical grade) was obtained from Electron Microscopy Sciences. The DNeasy Blood & Tissue Kit was obtained from Qiagen. All the chemicals used in this study were of analytical quality from Wako. Crocidolite and chrysotile were from UICC. Anthophyllite and tremolite were obtained as previously described.[^17^](#cas14358-bib-0017){ref-type="ref"}, [^18^](#cas14358-bib-0018){ref-type="ref"} These asbestos fibers were dispersed in physiological saline and sonicated (Astrason Ultrasonic Processor XL2020; Misonix Fisher Scientific) for 30 minutes.

2.2. Cell cultures {#cas14358-sec-0004}
------------------

MeT5A cells, an immortalized human mesothelial cell line, were maintained in M199 with FBS (10%), EGF (3.3 nM), insulin (860 nM), trace elements B, hydrocortisone (400 nM), and an antibiotic‐antimycotic solution (1×). RAW264.7 murine macrophage and HeLa cells were maintained in DMEM with FBS (10%), GlutaMAX (1×), and an antibiotic‐antimycotic solution (1×). MeT5A, RAW264.7, and HeLa cell lines were obtained from ATCC and 3 mesothelioma cell lines, named Meso8A, Meso8D, and Meso12A,[^19^](#cas14358-bib-0019){ref-type="ref"} were provided by Dr Yoshitaka Sekido (Division of Cancer Biology, Aichi Cancer Center) and maintained in RPMI‐1640 with FBS (10%) and an antibiotic‐antimycotic solution (1×). HeLa cells were used as the non‐MM cancer cells with which to compare the characteristics of the response of the immortalized mesothelial cells and MM cells against asbestos fibers.

2.3. Scanning electron microscopy study {#cas14358-sec-0005}
---------------------------------------

In brief, 0.1 μg tremolite and 1 μg anthophyllite were washed with Milli‐Q water 3 times. These asbestos samples were dried in a 6‐well plate and transferred onto carbon double‐sided tape with brass setting. After coating with carbon, the samples were observed and the energy‐dispersive X‐ray spectrometer (EDS) analyses of the asbestos fibers were undertaken with a JSM‐7610F scanning electron microscope (SEM; JEOL). The length and width of 300 asbestos fibers were determined based on a photomicrograph by cellSens software (Olympus).

2.4. Transmission electron microscopy study {#cas14358-sec-0006}
-------------------------------------------

MeT5A and RAW264.7 cells were seeded at a density of 10 000 cells/cm^2^ in 6‐well plates. After overnight incubation, anthophyllite, crocidolite, or tremolite (5 μg/cm^2^) was added to each well and incubated for 3 hours. Then the cell pellets were harvested and fixed in fixative solution (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4). After postfixing with osmium tetroxide, the samples were embedded in resin. After polymerization, the ultrathin sliced resins (80 nm) were stained with uranium acetate and lead solution. After staining, the samples were observed with a JEM‐1400 PLUS microscope (JEOL). At the same time, the ultrathin sliced samples, which were stained neither with uranium nor lead, were analyzed with EDS using a gold grid.

2.5. Time‐lapse observation of uptake of asbestos fibers {#cas14358-sec-0007}
--------------------------------------------------------

Cells from 6 cell lines (MeT5A, RAW264.7, HeLa, Meso8A, Meso8D, and Meso12A) were seeded at a density of 2800 cells/cm^2^ in glass‐based dishes. After overnight incubation, anthophyllite (5 μg/cm^2^), tremolite (5 μg/cm^2^), or saline was added to each dish and observed for 48 hours, using a LCV110 incubator microscope (Olympus). Images were generated as a video file with MetaMorph software (Molecular Devices Japan).

2.6. Cell proliferation assay {#cas14358-sec-0008}
-----------------------------

Cell proliferation assays were carried out using WST‐8 according to the manufacturer's protocol. In brief, cells from 6 cell lines were seeded at a density of 10 000 cells/cm^2^ in 96‐well plates. After overnight incubation, 8 groups were prepared: anthophyllite (Ant) at 1, 5, and 10 μg/cm^2^, tremolite (Tre) at 1, 5, and 10 μg/cm^2^, crocidolite (Cro) at 10 μg/cm^2^, and saline. The absorbance of the cells was measured on days 1, 2, and 3. For cell counting, cells from 6 cell lines were seeded at a density of 5000 cells/cm^2^ in 24‐well plates. Cells were trypsinized and counted with a hemocytometer on days 2, 4, and 6.

2.7. Release of lactate dehydrogenase assay {#cas14358-sec-0009}
-------------------------------------------

Cultured cells were seeded at 10 000 cells/cm^2^ in clear‐bottomed 96‐well plates. After overnight incubation, 9 groups were prepared: Ant at 1, 5, and 10 μg/cm^2^, Tre at 1, 5, and 10 μg/cm^2^, Cro at 10 μg/cm^2^, saline, and 100% cell lysis control (positive control used as a denominator). After incubation for 24 hours, the levels of lactate dehydrogenase (LDH) activity in media were measured according to the manufacturer's protocol in black 96‐well plates. The data were corrected by the lysed samples and expressed as the percentage of the total intracellular LDH.

2.8. Assessment of fibrogenicity of tremolite and anthophyllite in rats {#cas14358-sec-0010}
-----------------------------------------------------------------------

The animal experiment committee of the Nagoya University Graduate School of Medicine approved the experiments undertaken in this study. Six‐week‐old F1 hybrid rats, the offspring of Fischer 344 and Brown Norway rats (Charles River Japan), were used in this study. The rats were maintained in a specific pathogen‐free environment at 24°C with a 12:12‐hour dark : light cycle. The rats were randomly divided into the following 7 groups: saline, nitrilotriacetate (NTA), chrysotile (Chry), Ant + NTA, Ant + saline, Tre + NTA, and Tre + saline (Table [1](#cas14358-tbl-0001){ref-type="table"}). At the 6th week, the rats were i.p. injected with saline or 1 mg asbestos (Chry, Ant, or Tre). Two weeks later, the rats were treated with either saline or NTA (80 mg/kg body weight) once a week for 2 weeks. After the rats were killed at the 10th week, macroscopic and microscopic examinations were carried out. For the assessment of fibrogenicity, the thickness of the liver surface was determined at 10 random points, using a DMD108 light microscope (Leica Microsystems).

###### 

Experimental groups of rats

  Treatment                                            Female   Male
  ---------------------------------------------------- -------- ------
  For assessment of fibrogenicity                               
  Saline                                               3        3
  Saline + NTA                                         4        3
  Chrysotile                                           2        2
  Anthophyllite + saline                               4        3
  Anthophyllite + NTA                                  4        3
  Tremolite + saline                                   4        3
  Tremolite + NTA                                      4        3
  For assessment of genomic alterations by array CGH            
  Tremolite + saline                                   2        2
  Tremolite + NTA                                      2        2

Abbreviations: CGH, comparative genome hybridization; NTA, nitrilotriacetic acid.

John Wiley & Sons, Ltd

2.9. Array‐based comparative genomic hybridization analysis {#cas14358-sec-0011}
-----------------------------------------------------------

The 8 cases of tremolite‐induced peritoneal MM, which had been produced previously,[^18^](#cas14358-bib-0018){ref-type="ref"} were analyzed. Tremolite‐induced MM frozen stock samples from our previous experiments were selected as follows: 2 male rats injected with either saline or NTA and 2 female rats injected with either saline or NTA (Table [1](#cas14358-tbl-0001){ref-type="table"}). Oligonucleotide microarrays for rat 4x180k CGH (G4826A), which were purchased from Agilent Technologies, were used in this study. In brief, 0.8 μg DNA was labeled, hybridized, and scanned according to the manufacturer's protocol. The scanned results were converted to log~2~‐transformed data and analyzed with the Agilent Genomic Workbench Standard Edition (version 5.0). To analyze the relationship between the genomic alterations of *Cdkn2a/2b* and rat lifespans, previously published aCGH data based on 12 cases of multiwalled carbon nanotube (MWCNT)‐induced MM were used to supplement the MM cases.[^20^](#cas14358-bib-0020){ref-type="ref"}

2.10. Statistical analysis {#cas14358-sec-0012}
--------------------------

The data were analyzed using a paired *t* test and Fisher's exact test, and a difference was considered to be significant when *P* was less than .05. These analyses were undertaken using GraphPad Prism 7 Software (GraphPad Software).

3. RESULTS {#cas14358-sec-0013}
==========

3.1. Distinct physical dimensions of anthophyllite and tremolite fibers {#cas14358-sec-0014}
-----------------------------------------------------------------------

The asbestiform, with an aspect ratio that is greater than 3, was 91% for the anthophyllite fiber and 92% for the tremolite fiber, as determined by SEM (Figure [1A](#cas14358-fig-0001){ref-type="fig"}). The median, mean, and standard deviation of the length and width of the anthophyllite and tremolite fibers are summarized in Table [2](#cas14358-tbl-0002){ref-type="table"}. Tremolite fibers (median length, 7.76 μm; median diameter, 787 nm) were significantly thinner and shorter than anthophyllite fibers (median length, 23.55 μm; median diameter, 2940 nm). The EDS analyses revealed the relative ratio of Mg, Si, Ca, and Fe in the asbestos fibers (Figure [1B](#cas14358-fig-0001){ref-type="fig"}). The anthophyllite was determined to be Mg~6~Fe~1~Si~8~O~22~(OH)~4~. The contamination level of actinolite, which is also known as an iron‐substituted tremolite, was not high in the tremolite sample (Ca~2~Mg~5~Si~8~O~22~(OH)~4~). These elemental analyses were confirmed with TEM‐EDS (Figure S1A). The estimation of the elements in crocidolite was concordant with the ideal formula, Na~2~Fe~5~Si~8~O~22~(OH)~4~, indicating a good agreement between the acquired data and the estimation.

![Measurements of width, length, and mineral content of anthophyllite and tremolite. A, Distributions of anthophyllite and tremolite by their width and length were determined by SEM. Representative photographs are shown. Anthophyllite is longer and thicker than tremolite, and the fraction of nonasbestiform was similar (anthophyllite, 9%; tremolite, 8.3%). Anthophyllite was approximately 3 times longer and 4 times thicker than tremolite (scale bar = 1 μm; the aspect ratio 3 is shown as lines to indicate the boundary of the definition of asbestos). B, Analyses of the energy‐dispersive X‐ray spectrometer data revealed that the chemical formula of anthophyllite was Mg~6~Fe~1~Si~8~O~22~(OH)~2~ and the contamination of tremolite with actinolite was low. Cu and Zn was detected from the brass setting](CAS-111-1180-g001){#cas14358-fig-0001}

###### 

Length and width of anthophyllite and tremolite fibers used

                             Anthophyllite            Tremolite
  -------------------------- ------------------------ -------------------------
  Concentration of fibers    2.81 × 10^7^ fibers/mg   11.76 × 10^7^ fibers/mg
  Counted number of fibers   300                      300

                       Length (µm)   Width (µm)   Length (µm)                                     Width (µm)
  -------------------- ------------- ------------ ----------------------------------------------- -----------------------------------------------
  Median               23.55         2.94         7.76                                            0.787
  Mean                 34.27         4.06         11.42[\*](#cas14358-note-0002){ref-type="fn"}   0.993[\*](#cas14358-note-0002){ref-type="fn"}
  Standard deviation   35.96         3.83         11.36                                           0.682

*P* \< .001 vs anthophyllite.

John Wiley & Sons, Ltd

3.2. MeT5A and RAW264.7 cells phagocytose short anthophyllite/tremolite fibers but not long anthophyllite fibers {#cas14358-sec-0015}
----------------------------------------------------------------------------------------------------------------

Ultrathin sliced specimens for observation with transmission electron microscopy were broken off due to the presence of rigid asbestos fibers, which sometimes crushed the diamond knife. Both Met5A and RAW264.7 cells phagocytosed short anthophyllite and tremolite fibers, which were transferred to phagosomes (Figure [2](#cas14358-fig-0002){ref-type="fig"}). In contrast, long anthophyllite fibers were attached to the pseudopod in MeT5A and RAW264.7 cells (Figure [2](#cas14358-fig-0002){ref-type="fig"}). Crocidolite fibers were also captured and translocated into phagosomes in MeT5A and RAW 264.7 cells (Figure S1B).

![Short anthophyllite and tremolite fibers are phagocytosed and localized in phagosomes, while long anthophyllite fibers attach to the plasma membrane of MeT5A and RAW264.7 cells, as observed by transmission electron microscopy. A, Large fibers of anthophyllite crushed the diamond knife; thus, only clefts were sometimes observed after ultrathin cutting. Short anthophyllite fibers were phagocytosed, whereas long ones were attached to the pseudopod of plasma membrane. Tremolite was observed in phagosomes more frequently and with fewer artificial clefts than anthophyllite, consistent with the short and thin dimensions of tremolite. B, Short anthophyllite fibers were phagocytosed. Pseudopods extended to catch anthophyllite fibers. Some bundles of tremolite fibers attached to the plasma membrane, and other tremolite fibers were observed in the phagosomes (arrows indicate internalized asbestos fibers)](CAS-111-1180-g002){#cas14358-fig-0002}

3.3. Long anthophyllite fibers provide characteristic periodical movement with MeT5A and RAW264.7 cells {#cas14358-sec-0016}
-------------------------------------------------------------------------------------------------------

Long anthophyllite fibers were swung by contact with MeT5A cells (Figure [3A](#cas14358-fig-0003){ref-type="fig"}, Video [S1](#cas14358-sup-0006){ref-type="supplementary-material"}) and were vibrated by contact with RAW264.7 cells (Figure [3B](#cas14358-fig-0003){ref-type="fig"}, Video [S2](#cas14358-sup-0007){ref-type="supplementary-material"}). Short anthophyllite and tremolite fibers were taken up into the cytoplasm and fixed like a floor cleaning mop within the MeT5A and RAW264.7 cells (Figure [3](#cas14358-fig-0003){ref-type="fig"}, Videos S1‐S4). Contact with a long anthophyllite fiber promoted RAW264.7 cells to gather around the fiber. This cellular aggregation was not obvious with MeT5A cells nor the other cell lines (HeLa, Meso8A, and Meso8D), although all of them swung the long anthophyllite fiber (Figure S2, Videos S5‐S7). RAW264.7 cells increased the volume after engulfing tremolite or short anthophyllite fibers (Figure [3B](#cas14358-fig-0003){ref-type="fig"}) whereas the Meso8A and Meso8D cells, which were established from the same MM patient,[^19^](#cas14358-bib-0019){ref-type="ref"} and the HeLa cells phagocytosed and held the tremolite and short anthophyllite fibers, as did the MeT5A cells (Figure S2, Videos S8‐S10). The low frequency of swinging the long anthophyllite and internalization of the short anthophyllite and tremolite fibers was observed in Meso12A cells, presumably due to the minimal cellular movements (Figure S2, Videos S11 and S12).

![Short anthophyllite and tremolite fibers are engulfed whereas long anthophyllite fibers are attached by the pseudopod of MeT5A and RAW264.7 cells, as observed with time‐lapse light microscopy. A, Long anthophyllite fibers revealed periodical swinging movement after making mechanical contact; however, a small number of short fibers were incorporated into the cytoplasm of the MeT5A cells. Tremolite was internalized from the bottom of the dish into the cytoplasm of MeT5A cells, like a cleaning floor mop. Some MeT5A cells, which were burdened with an abundance of tremolite, lost contact with the dish and disappeared from the camera, suggesting that an overload of tremolite caused MeT5A cell death (Video [S1](#cas14358-sup-0006){ref-type="supplementary-material"}, anthophyllite; Video [S2](#cas14358-sup-0007){ref-type="supplementary-material"}, tremolite). B, Anthophyllite that touched the cell was vibrated by the cells that aggregated around the fiber. In contrast to the cells from the epithelial or mesothelial cell lines, the RAW264.7 cells rarely swung the fibers. Tremolite was phagocytosed into Raw 264.7 cells in a manner similar to that of MeT5A cells. At 36 and 48 h, RAW264.7 cells became swollen and extended numerous protrusions explosively (Video [S3](#cas14358-sup-0008){ref-type="supplementary-material"}, anthophyllite; Video [S4](#cas14358-sup-0009){ref-type="supplementary-material"}, tremolite)](CAS-111-1180-g003){#cas14358-fig-0003}

3.4. Anthophyllite does not affect but tremolite suppresses the proliferation of MeT5A, RAW264.7, HeLa, Meso8A, Meso8D, and Meso12A cells {#cas14358-sec-0017}
-----------------------------------------------------------------------------------------------------------------------------------------

Anthophyllite exposure did not affect the proliferation of the MeT5A or RAW264.7 cells up to 10 μg/cm^2^ (Figure [4A‐D](#cas14358-fig-0004){ref-type="fig"}). However, tremolite even at 1 μg/cm^2^ suppressed cellular proliferation, which was in a dose‐dependent manner (Figure [4A‐D](#cas14358-fig-0004){ref-type="fig"}). The cytotoxic effects in the MeT5A cells with high‐dose exposure to tremolite were observed at early time points (Figure [4C](#cas14358-fig-0004){ref-type="fig"}). These cytotoxic effects of tremolite were also observed in the other cell lines used (Figures [S3](#cas14358-sup-0003){ref-type="supplementary-material"} and [S4](#cas14358-sup-0004){ref-type="supplementary-material"}). Of note, only RAW264.7 cells were resistant to high‐dose exposure on days 1 and 2 but became susceptible on day 3 (Figure [4D](#cas14358-fig-0004){ref-type="fig"}). After incubation with tremolite for 24 hours, the release of intracellular LDH was increased significantly in the MeT5A cells but not in the RAW264.7 cells, whereas anthophyllite did not induce an increase in LDH (Figure [4E](#cas14358-fig-0004){ref-type="fig"},[F](#cas14358-fig-0004){ref-type="fig"}). The release of intracellular LDH was not significantly elevated at 24 h in HeLa, Meso8A, Meso8D, and Meso12A cell lines (Figure S5).

![Anthophyllite does not affect proliferation, whereas tremolite suppresses proliferation of MeT5A and RAW264.7 cells. A, Anthophyllite (Ant) at 1, 5, or 10 μg/cm^2^ did not suppress MeT5A proliferation. Tremolite (Tre) decreased MeT5A proliferation in a dose‐dependent manner. At 10 μg/cm^2^, tremolite and crocidolite (Cro) induced similar levels of cytotoxicity. B, Ant at 1, 5, or 10 μg/cm^2^ did not suppress RAW264.7 proliferation. Tre decreased the proliferation of RAW264.7 cells in a dose‐dependent manner. At 10 μg/cm^2^, Tre and Cro induced similar levels of cytotoxicity. Notably, 1 μg/cm^2^ Tre significantly decreased cellular proliferation. C, Ant at 1, 5, or 10 μg/cm^2^ did not suppress MeT5A proliferation, whereas Tre decreased MeT5A proliferation in a dose‐dependent manner at days 1, 2, and 3. At 10 μg/cm^2^, Tre and Cro caused similar levels of cytotoxicity. D, Ant did not suppress RAW264.7 proliferation. Significant suppression was observed only on day 3 for 5 and 10 μg/cm^2^ Tre and for 10 μg/cm^2^ Cro. E, After 24 h, release of intracellular lactate dehydrogenase (LDH) was significantly increased in MeT5A cells treated with 10 μg/cm^2^ Tre or Cro. F, Release of intracellular LDH was not significantly elevated in RAW264.7 cells with every asbestos tested after 24 h (\**P* \< .05, \*\**P* \< .01, and \*\*\**P* \< .001 vs saline)](CAS-111-1180-g004){#cas14358-fig-0004}

3.5. Tremolite causes diffuse peritoneal thickening but anthophyllite generates only local fibrosis in rats {#cas14358-sec-0018}
-----------------------------------------------------------------------------------------------------------

Intraperitoneal administration of tremolite induced prominent dullness of the hepatic edge 4 weeks afterwards, whereas anthophyllite induced no macroscopic changes (Figure [5A](#cas14358-fig-0005){ref-type="fig"}). Microscopically, diffuse fibrous peritoneal thickening was observed in tremolite‐injected rats. Anthophyllite caused granulomatous inflammation based on foreign body reaction, leading to focal fibrosis of the serosal surface in a limited manner (Figure [5](#cas14358-fig-0005){ref-type="fig"}). The plaque‐like patchy acellular fibrosis was not observed, suggesting that plaque might not be essential for mesothelial carcinogenesis. Treatment with NTA did not affect serosal fibrosis in this experiment (Figure [5B](#cas14358-fig-0005){ref-type="fig"}).

![Anthophyllite induces focal fibrosis, whereas tremolite induces diffuse fibrous peritoneal thickening in rats. A, Representative images of macroscopic and microscopic photographs are shown. Anthophyllite did not induce macroscopic alteration, whereas tremolite‐induced prominent dullness of hepatic edges. As highlighted by arrowheads, focal fibrosis was observed in the anthophyllite‐treated rats, whereas diffuse peritoneal thickening was observed in the tremolite‐treated rats (scale bar = 1 cm \[photograph\] and 100 μm \[photomicrograph\]). B, Eosinophilic fibrous tissue in H&E staining was confirmed as fibrosis by Masson's trichrome staining (\*\**P* \< .01 and \*\*\**P* \< .001 vs saline; ††*P* \< .01 and †††*P* \< .001 vs nitrilotriacetate \[NTA\])](CAS-111-1180-g005){#cas14358-fig-0005}

3.6. Frequent loss of *Cdkn2a/2b* in tremolite‐induced MM {#cas14358-sec-0019}
---------------------------------------------------------

Whole genome scanning by aCGH detected various genomic alterations in 8 cases of rat MM induced by tremolite (Figure [6](#cas14358-fig-0006){ref-type="fig"}; GEO Submission <http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139106>). The most frequent genomic alteration was detected in the *Cdkn2a/2b* loci (Figure [7A](#cas14358-fig-0007){ref-type="fig"}). Homozygous deletion (HD) of *Cdkn2a/2b* was observed in 5 cases, and loss of heterozygosity (LOH) was observed in the remaining 3 cases. The rats that harbored LOH of *Cdkn2a/2b* developed MM earlier than the rats that harbored HD of *Cdkn2a/2b* (Figure [7B](#cas14358-fig-0007){ref-type="fig"}). However, when survival was defined as either early or late by the mean survival data (282 days for tremolite and 288 days for MWCNTs), no significant correlation was observed for the relationship between early survival and LOH (Fisher's exact test; *P* \> .999). Even when the data from tremolite and MWCNTs were combined to yield a mean survival of 286 days, the relationship between LOH and survival was not significant (Fisher's exact test; *P* = .319).

![Genomic loci of *Cdkn2a/2b* are the most frequently altered in tremolite‐induced rat malignant mesothelioma (MM). Results of whole genome scanning are shown for 8 cases of rat MM. *Cdkn2a/2b* are the most frequently lost foci (arrowhead)](CAS-111-1180-g006){#cas14358-fig-0006}

![Loss of *Cdkn2a/2b* is a hallmark of tremolite‐induced malignant mesothelioma (MM) in rats. A, Homozygous deletion (HD) was detected in 5 MM cases, and loss of heterozygosity (LOH) was detected in 3 MM cases. B, Relationship between genetic loss of *Cdkn2a/2b* and development of MM was analyzed for tremolite‐induced together with multiwalled carbon nanotube (MWCNT)‐induced rat MM to increase the number of cases. LOH of *Cdkn2a/2b* was observed earlier than HD; however, there was no significant correlation between the LOH of *Cdkn2a/2b* and the early development of MM (Fisher's exact test, *P* \> .999) when the mean lifespan (282 days for tremolite and 288 days for MWCNTs) was used to define early or late onset. When the rat MM data of tremolite and MWCNT effects were combined, the mean lifespan was 286 days, and the subsequent correlation analysis between LOH and early development of MM again yielded no statistical significance (Fisher's exact test, *P* = .319)](CAS-111-1180-g007){#cas14358-fig-0007}

4. DISCUSSION {#cas14358-sec-0020}
=============

In the present study, we observed that tremolite damages mesothelial cells and macrophages, whereas anthophyllite does not, which was in accordance with our previous finding of MM carcinogenesis.[^18^](#cas14358-bib-0018){ref-type="ref"} The long anthophyllite fibers were captured by pseudopods (Figure [2](#cas14358-fig-0002){ref-type="fig"}) and started a swinging movement after making mechanical contact (Figure [3](#cas14358-fig-0003){ref-type="fig"}). The long anthophyllite fibers triggered RAW264.7 cells to aggregate around the fibers, but cells from epithelial/mesothelial lineages did not aggregate, suggesting that RAW264.7 cells react aggressively to these fibers, which could be explained by the fact that RAW264.7 cells belong to immune cells. Furthermore, anthophyllite did not suppress proliferation of MeT5A or RAW264.7 cells (Figure [4](#cas14358-fig-0004){ref-type="fig"}). Intraperitoneal injection of anthophyllite formed scattered fibrosis and granulomas in rats (Figure [5](#cas14358-fig-0005){ref-type="fig"}). These results are consistent with a previous study, showing that even 10 mg anthophyllite did not induce MM,[^18^](#cas14358-bib-0018){ref-type="ref"} although short anthophyllite fibers, such as those of tremolite, were phagocytosed and translocated into the cytoplasm (Figures [2](#cas14358-fig-0002){ref-type="fig"} and [3](#cas14358-fig-0003){ref-type="fig"}).

Stanton's hypothesis states that the shapes of strongly carcinogenic fibers are 0.25 μm or less in diameter and 8 μm or more in length and that the relatively carcinogenic fibers have a diameter of 1.5 μm or less and 4 μm or longer in length.[^21^](#cas14358-bib-0021){ref-type="ref"} When Stanton's first definition is used, 0% of anthophyllite and 1% of tremolite are categorized as strongly carcinogenic. When Stanton's latter definition is applied, 13% of anthophyllite and 70% of tremolite (Figure [1A](#cas14358-fig-0001){ref-type="fig"}) are carcinogenic, with 87% of anthophyllite, which is classified as noncarcinogenic on the basis of epidemiological evidence,[^10^](#cas14358-bib-0010){ref-type="ref"} regarded as a potent carcinogen.

In South Africa, crocidolite‐induced MM was not frequently observed in the vicinity of Transvaal, whereas epidemic MM affects those in the vicinity of Cape Town.[^10^](#cas14358-bib-0010){ref-type="ref"}, [^22^](#cas14358-bib-0022){ref-type="ref"} The diameter of the crocidolite was markedly different in the Cape Town (0.073 μm) and Transvaal (0.212 μm) samples, with similar proportions of length,[^12^](#cas14358-bib-0023){ref-type="ref"} indicating that Stanton's hypothesis for diameter is not fully consistent with the epidemiological data. Indeed, one‐half of the amphiboles found in human lungs and in mesothelioma tissues were found to be less than 5 μm in length.[^24^](#cas14358-bib-0024){ref-type="ref"}, [^25^](#cas14358-bib-0025){ref-type="ref"} These results suggest the importance of asbestos fibers shorter than 5 μm; thus, quantification of asbestos fibers with lengths shorter than 5 μm is proposed.[^26^](#cas14358-bib-0026){ref-type="ref"}, [^27^](#cas14358-bib-0027){ref-type="ref"} Indeed, the partially pulverized crocidolite, 84% of which was shorter than 2.5 μm, was less carcinogenic than the intact crocidolite in rats.[^28^](#cas14358-bib-0028){ref-type="ref"} When amosite was analyzed, the short fibers (90% of the sample fibers were shorter than 3 μm) induced MM (1/25), whereas the long fibers (30% of the sample fibers were longer than 5 μm) induced MM (20/21) in rats by i.p. injection with 25 mg amosite,[^29^](#cas14358-bib-0029){ref-type="ref"} suggesting that the cut‐off value for the length that induced carcinogenicity might be approximately 3 μm. Indeed, repeated intrapleural injections clearly showed that MWCNTs with lengths in the range of 0.5‐2 μm and beads with diameters 3 ± 0.1 μm did not elicit pleural inflammation; injected beads with a diameter of 10.3 ± 0.4 μm induced inflammation in mice,[^30^](#cas14358-bib-0030){ref-type="ref"} indicating that length of accurately 3 μm do not initiates mesothelial injury. For the assessment of the carcinogenicity of fibrous materials, intratracheal instillation of 1 mg each of 2 MWCNTs, with a length of 4.2 ± 2.9 μm or 2.6 ± 1.6 μm, induced MM (3/12 and 3/12) and lung tumor (4/12 and 3/12), respectively, in F344 rats.[^31^](#cas14358-bib-0031){ref-type="ref"} Further, intratracheal instillation of 1.5 mg MWCNT, with a length of 4.8 ± 2.8 μm, induced a high incidence of MM (18/19) and lung tumors (1/19) in F344 rats.[^32^](#cas14358-bib-0032){ref-type="ref"} Taken together, these findings indicate that length of carcinogenic fiber might start from less than 4 μm, because Stanton's hypothesis was established on the basis of the correlation coefficients of tumor probability and the following 5 fiber length categories: 0.1‐1, 1‐4, 4‐8, 8‐64, and longer than 64 μm.[^21^](#cas14358-bib-0021){ref-type="ref"} Further study could reveal the characteristic property of the low carcinogenicity of anthophyllite.

In the rat model, 2 tremolite fibers, with lengths of less than 6 or 3 μm, respectively, did not induce MM in rats after intrapleural injection, whereas longer tremolite fibers induced MM.[^33^](#cas14358-bib-0033){ref-type="ref"}, [^34^](#cas14358-bib-0034){ref-type="ref"} Furthermore, the carcinogenicity of 10 mg tremolite that was i.p. injected completely differed by the shape of the tremolite fiber.[^35^](#cas14358-bib-0035){ref-type="ref"} Even when 450 or 135 million tremolite fibers longer than 4 μm were injected i.p. into animals, the development of MM was 4/33 or 2/36, respectively.[^35^](#cas14358-bib-0035){ref-type="ref"} In our previous study, 82 million tremolite fibers (1 mg) longer than 4 μm induced MM in 20 of 24 male rats and 8 of 30 female rats, whereas 820 million tremolite fibers (10 mg) induced MM in 20 of 21 male and 28 of 30 female rats.[^18^](#cas14358-bib-0018){ref-type="ref"} Furthermore, the carcinogenicities of 2 types of tremolite fibers were higher than the estimation, based on the tumor probability calculated from Stanton's hypothesis.[^21^](#cas14358-bib-0021){ref-type="ref"} These results indicated that a length of 4 μm might not be the clear cut‐off for the carcinogenicity for tremolite. However, animal models pose the following difficulties: (i) fibers may be encapsulated in the granulomas or fibrous tissues; (ii) small fibers are deposited in the regional lymph nodes by macrophages; and (iii) formation of adhesive ileus causes death before carcinogenesis. Further study could lead to a more precise definition of the toxic biological effects of fibrous material.

Our rat model indicated that i.p. injection of iron saccharate (5 mg Fe/kg body weight) 5 days a week for 12 weeks, followed by repeated i.p. injection of NTA to promote the Fenton reaction, induced MM (17/54) in rats, which were observed for 26.7 months,[^36^](#cas14358-bib-0036){ref-type="ref"} whereas i.p. injection of 1 mg MWCNT (diameter, 50 nm) induced MM in 100% of the rats within 12 months.[^20^](#cas14358-bib-0020){ref-type="ref"} Furthermore, the duration of exposure to tremolite required for one‐half of the rats to develop MM was 10 months;[^18^](#cas14358-bib-0018){ref-type="ref"} for crocidolite, it was 19 months.[^37^](#cas14358-bib-0037){ref-type="ref"} In addition, prior to the development of lethal MM, macroscopic diffuse peritoneal thickening was observed in tremolite‐injected (Figure [5](#cas14358-fig-0005){ref-type="fig"}) and MWCNT‐injected rats[^20^](#cas14358-bib-0020){ref-type="ref"}; however, diffuse peritoneal thickening was less obvious, albeit present, in animals exposed to crocidolite,[^37^](#cas14358-bib-0037){ref-type="ref"} chrysotile[^38^](#cas14358-bib-0038){ref-type="ref"} or iron saccharate,[^36^](#cas14358-bib-0036){ref-type="ref"} indicating that chronic inflammation drives the rapid development of MM. The combined effect of tremolite and NTA, an inducer of iron‐induced oxidative cellular damage, was unclear (Figure [5B](#cas14358-fig-0005){ref-type="fig"}), thus, further study is required. The decreased production of ROS in murine neutrophils and macrophages by the overexpression of *Divalent metal transporter 1* delayed the promotional stage in crocidolite‐induced mesothelial carcinogenesis,[^39^](#cas14358-bib-0039){ref-type="ref"} supporting the idea that chronic inflammation‐induced ROS is critical.

The early genetic event at the *Cdkn2a* locus by exposure to either long asbestos or long carbon nanotubes was the hypermethylation of *Cdkn2a*, whereas deletion of *Cdkn2a* occurs at a late stage of the malignant transformation.[^40^](#cas14358-bib-0040){ref-type="ref"} The homozygous deletion of *Cdkn2a/2b* was not observed in the epithelioid subtype (EM) (0/6), but it was observed in the sarcomatoid subtype (SM) (4/5) in our study[^36^](#cas14358-bib-0036){ref-type="ref"} and EM (1/5) in another study[^41^](#cas14358-bib-0041){ref-type="ref"} when iron saccharate was used for rat MM carcinogenesis. The higher rate of homozygous deletion of *Cdkn2a/2b* in SM is concordant with human MM.[^42^](#cas14358-bib-0042){ref-type="ref"} Here, the coexistence of homozygous (5/8) or hemizygous deletions (3/8) of *Cdkn2a/2b* loci were observed in the cases of tremolite‐induced MM (Figure [7A](#cas14358-fig-0007){ref-type="fig"}), as they were after MWCNT injections,[^20^](#cas14358-bib-0020){ref-type="ref"} whereas the majority of the genetic disruption to *Cdkn2a/2b* was homozygous deletion by crocidolite (8/9), amosite (9/9), and chrysotile (8/9).[^38^](#cas14358-bib-0038){ref-type="ref"} These biodurable fibers are presumed to be entangled with chromosomes[^3^](#cas14358-bib-0003){ref-type="ref"}; however, the mechanism by which *Cdkn2a/2b* loci are preferentially damaged remains unclear. The early development of MM was implicated with lower rates of homozygous deletion of *Cdkn2a/2b* (Figure [7B](#cas14358-fig-0007){ref-type="fig"}); however, the relationship between the early development of MM and LOH was not statistically significant in our model. These results could suggest that chronic inflammation accelerates the fibrosis and development of MM through a positive feedback loop through cytokines, such as connective tissue growth factor[^43^](#cas14358-bib-0043){ref-type="ref"}, [^44^](#cas14358-bib-0044){ref-type="ref"} and/or transforming growth factor‐β [^45^](#cas14358-bib-0045){ref-type="ref"} without deletion of *Cdkn2a/2b*.

In conclusion, anthophyllite did not evoke mesothelial injury, whereas tremolite caused cytotoxicity to the mesothelial cells and macrophages, leading to chronic inflammation and mesothelial carcinogenesis. Here again the major target gene was homozygous deletion of *Cdkn2a/2b*.
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